Anodized aluminum samples with different surface oxide layer thicknesses (approximately 0.3 and 3 µm) were hydrogenated at 9 GPa and 600°C for 24 h. A few large crystals of AlH 3 , of which average crystal size was 30 µm, were formed when the aluminum sample with the thicker oxide layer was hydrogenated, whereas the sample with the thinner oxide layer was uniformly hydrogenated to form AlH 3 crystals 10 µm in particle size. It is likely that the surface oxide layer inhibits not only the hydrogenation reaction of aluminum but also the spontaneous nucleation of AlH 3 , which causes the difference between the formed crystal sizes.
Introduction
The safe and efficient storage of hydrogen is one of the key technological issues in realizing a hydrogen-based energy society. 1) In this context, aluminum hydride (AlH 3 ) has received considerable attention as a hydrogen storage material for fuel cell vehicles owing to its large gravimetric (10.1%) and volumetric (148 kg/m 3 ) hydrogen content.
25)
AlH 3 can be synthesized by a hydrogenation reaction of pure aluminum, 6) although it has generally been synthesized by chemical reactions.
25) Thermodynamical analysis of the chemically synthesized AlH 3 revealed that AlH 3 is unstable at ambient conditions; a high pressure of 0.7 GPa is required for the hydrogenation of aluminum at room temperature.
35)
The hydrogenation reaction is prevented by a chemically stable surface oxide layer on passivated aluminum even at pressure-temperature conditions where AlH 3 is thermodynamically stable. It has been clarified that high-pressure and high-temperature conditions of 8.9 GPa and 600°C are necessary to hydrogenate passivated aluminum. 6, 7) The hydrogenation process of aluminum and the crystal growth process of formed AlH 3 have previously been investigated by in situ synchrotron radiation X-ray diffraction measurement at high pressures and high temperatures. 8) It has been clarified that aluminum is hydrogenated to form AlH 3 and the formed AlH 3 particles grow into single crystals via solid-state grain growth. Single crystals of AlH 3 with a lateral size of about 20 µm are thus formed. As mentioned above, the surface oxide layer on aluminum inhibits the hydrogenation reaction of aluminum; the first step of the crystal growth process is inhibited by the surface oxide layer. Therefore, it is expected that the crystal growth process of AlH 3 is modified by changing thickness of the surface oxide layer of aluminum. It is worth mentioning that additives (such as Mg and Si) alter the crystal growth process; the solid-state grain growth is inhibited by the additives, which results in the formation of small AlH 3 crystals less than a few micrometers in particle size. 9) In the present paper, anodized aluminum samples with different surface oxide layer thicknesses were hydrogenated at high pressure and high temperature. The crystal sizes of the formed AlH 3 were compared. The role of the surface oxide layer on the hydrogenation and crystal growth process are discussed.
Experimental Procedure
The starting materials were two pieces of high-purity (99.99%) aluminum sheet with a thickness of 100 µm. They were degreased using acetone and anodized in 0.3 M oxalic acid at 40 V at room temperature for 1 and 10 min, respectively. The thicknesses of the surface oxide layer were approximately 0.3 and 3 µm for anodization times of 1 and 10 min, respectively. Disks of anodized aluminum 0.8 mm in diameter were punched from the sheets. Four pieces of the disks were stacked and placed in sample capsules made of boron nitride (BN). The samples were pressurized to 9 GPa at room temperature and then heated to 600°C at 9 GPa. The samples were immersed in hydrogen fluid at 9 GPa and 600°C for 24 h and subsequently quenched at room temperature. Then, the samples were depressurized to ambient pressure. The recovered samples were embedded in resin and mirror polished for optical microscopic observation and powder X-ray diffraction measurement. The above mentioned hydrogenation pressure-temperature conditions of the samples were determined on the basis of a result obtained by in-situ synchrotron radiation X-ray diffraction experiments performed at BL14B1, SPring-8.
10)
High-pressure and high-temperature conditions were generated using a cubic-type multi-anvil apparatus. 10 ) Figure 1 shows a high-pressure cell assembly used in the present study. The cell was originally developed by Fukai 11) and has been used for hydrogenation studies under high pressure and high temperature.
1215) The cell consists of a cubic pressure medium, an internal cylindrical resistance heater made of graphite, a hydrogen-sealing capsule made of NaCl, internal hydrogen sources, and the sample. The internal hydrogen source was a powder mixture of NaBH 4 and Ca(OH) 2 . The internal hydrogen source was heated by the resistance heater at high pressure and evolved hydrogen around 400°C. Evolved hydrogen was sealed in the NaCl hydrogen-sealing capsule. As mentioned above, the samples were placed in the BN capsules, which allowed hydrogen fluid to permeate into the capsules and to react with the samples. The capsules prevented the contamination of samples. Then, the samples were immersed in hydrogen fluid and the hydrogenation reactions were realized at high pressure and high temperature.
Results and Discussions
Figure 2(a) shows polarized optical micrographs of the recovered aluminum sample anodized for 1 min. The lower panel in Fig. 2(a) shows an enlarged image of the area indicated by the white box in the upper panel. Section of three pieces of recovered aluminum disks can be seen in Fig. 2 (another disk was removed during polishing) . White particles are the formed AlH 3 crystals, which were identified by powder X-ray diffraction measurement at ambient conditions. 16 ) AlH 3 crystals grew on the surface of the disks. It can be seen that the aluminum disks are uniformly hydrogenated on the surface of the disks. The particle size of formed AlH 3 is 10 µm. Figure 2(b) shows photomicrographs of the section of recovered aluminum disks anodized for 10 min. The lower panel in Fig. 2(b) also shows an enlarged image of the upper panel. Four pieces of aluminum disks can be seen in Fig. 2(b) upper. Uniform white areas shown in the figure are sections of the BN capsule. The aluminum disks anodized for 10 min did not hydrogenate uniformly and a few large crystals of AlH 3 were formed. The average crystal size of the recovered AlH 3 was 30 µm and the largest one was 50 µm.
We will now discuss the process of aluminum hydrogenation and crystal growth of formed AlH 3 based on the obtained results. Small AlH 3 particles uniformly grown on the surface of sample anodized for 1 min (Fig. 2(a) ) are due to a spontaneous nucleation. AlH 3 particles formed by the spontaneous nucleation grow until neighboring particles came into contact with each other. Once the aluminum surface is covered by small particles of AlH 3 , the inner part of aluminum cannot be hydrogenated because hydrogen diffusion in AlH 3 is slow, thus impeding the supply of hydrogen, a necessary component for hydrogenation to occur. 17) In this way, small particles of AlH 3 were uniformly grown. The process is schematically depicted in Fig. 3(a) .
When the sample anodized for 10 min is hydrogenated, the spontaneous nucleation does not occur because enough amount of hydrogen for the spontaneous nucleation cannot permeate through the thick surface oxide layer. 18, 19) Once a part of aluminum is eventually hydrogenated (at which
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Hydrogen sealing capsule thickness of surface oxide layer is supposed to be thin) and a nucleus of AlH 3 is formed, the nucleus can grow without disturbance from other hydride particles. The process is illustrated in Fig. 3(b) . The crystal size of AlH 3 is changed by the thickness of the surface oxide layer on aluminum. It has been reported that the chemically stable surface oxide layer prevents hydrogenation of an aluminum-based alloy. 20) We expect that a crystal growth process of an aluminum-based alloy hydride can also be modified by changing its surface oxide layer thickness of an alloy, which would enable us to obtain large single crystals of the aluminum-based alloy hydrides. Characterization studies (e.g., single crystal X-ray diffraction measurement and Angle-resolved photoemission spectroscopy) of the recovered single crystals would enable us to obtain further information on the hydride such as its electron density distribution, electronic structure, and bonding nature, 21) which are necessary for material design and would lead to the development of other aluminum-based hydrides suitable for practical hydrogen storage applications.
Conclusion
Anodized aluminum samples with different surface oxide layer thicknesses were hydrogenated at 9 GPa, and 600°C, and the recovered samples were characterized by a polarized optical microscope to investigate the crystal growth process of the hydride. When the sample with a thicker oxide layer (3 µm) was hydrogenated, a few large crystals of AlH 3 30 µm in average particle size were formed. The aluminum sample with a thinner oxide layer (0.3 µm) was uniformly hydrogenated; the particle size of the formed AlH 3 was 10 µm. It is likely that the thick surface oxide layer prevents the spontaneous nucleation of AlH 3 and allows the AlH 3 particles to grow into large crystals.
